Previous work has identified divergent mechanisms by which cervical remodeling is achieved in preterm birth (PTB) induced by hormone withdrawal (mifepristone) or lipopolysaccharide (LPS). Our current study aims to document how collagen architecture is modified to achieve premature cervical remodeling in mice treated with LPS as a model of infection-induced inflammation. Cervices were collected on gestation day (d) 15 from mice with premature cervical ripening induced by LPS and compared to d15 and d18 controls as well as a hormone withdrawal PTB model. Second harmonic generation (SHG) and electron microscopy were utilized for visualization of collagen morphology and ultrastructure. LPS-mediated premature cervical ripening is characterized by unique structural changes in collagen fiber morphology. LPS treatment increased the interfibrillar spacing of collagen fibrils. A preferential disruption of collagen fiber architecture in the subepithelial region compared to midstroma region was evidenced by increased pores lacking collagen signal in SHG images in the LPS-treated mice. Coinciding with this alteration, the infiltration of neutrophils was concentrated in the subepithelial stromal region as compared to midstromal region implicating the potential role of immune cells to extracellular matrix reorganization in inflammation-induced preterm cervical ripening. The current study demonstrates a preferential disorganization of collagen interfibrillar spacing and collagen fiber structure in LPS-mediated ripening.
Introduction
Preterm birth (PTB) affects 1 in every 10 babies in the United States [1] . Elucidating the exact mechanisms of PTB is critical to reduce the rates of infant mortality and lifelong health complications associated with prematurity [2, 3] . It is complicated by the fact that risk factors and etiologies are numerous and many remain unidentified [4, 5] . Furthermore, the molecular mechanisms that govern key aspects of the PTB process differ from physiologic term parturition [6] [7] [8] .
Irrespective of etiology, cervical changes precede the onset of term or PTB, thus investigations to understand these early cervical changes may provide insights to improve clinical outcomes [9, 10] . Investigations in mouse models of PTB have provided key insights into these distinct processes [9, [11] [12] [13] . Two accepted paradigms of PTB are infection and functional progesterone loss [7, 14] . To mimic these pathways in mice, an "infection model" is applied in which lipopolysaccharide (LPS) is administered directly into the uterus for a localized intrauterine infection (IU-LPS). To mimic progesterone loss ("noninfection" model), the progesterone receptor antagonist, mifepristone, is administered by subcutaneous injection [15] . The resulting premature loss of progesterone function most closely mimics parturition at term [7, 16] . Both the infection and noninfection model result in murine PTB.
The collective findings of studies in mice treated with IU-LPS reveal unique gene/protein expression patterns and immune cell populations in the preterm cervix and myometrium that are distinct from patterns at term [7, 17] . In the cervix, these include increased proinflammatory genes/proteins (e.g., interleukin 6, interleukin 1 alpha, tumor necrosis factor alpha), increased numbers of activated neutrophils/macrophages, and increased cervical prostaglandin-endoperoxide synthase 2 (PTGS2) expression and prostaglandin levels. Prostaglandins are critical for LPS-mediated premature ripening as PTGS2 inhibition can reduce rates of LPSinduced premature ripening but not term ripening [18] . In addition, cervical wet weight and plasma estradiol levels fail to increase as they do at term. Genes normally induced during cervical ripening at term such as the oxytocin receptor, connexin 26, and hyaluronan synthase 2 as well as genes associated with epithelial cell differentiation are not upregulated in LPS-mediated cervical ripening [7] . Despite the marked differences between LPS-mediated premature ripening and term cervical ripening, tissue compliance increases to a similar extent as determined by biomechanical testing. This suggests that reorganization of the extracellular matrix (ECM) is achieved in both pathways [18] .
The cervix is a dense connective tissue consisting of a rich ECM [19, 20] . Cells within the cervical stroma include both fibroblasts and smooth muscle cells, which are responsible for the synthesis of an ECM that changes in composition and structure in response to physiological signals [21] . Remodeling of ECM is essential to successful birth [10, 22] . Tissue mechanical strength is influenced by the abundance, cross-link density, and structural organization of fibrillar collagen as well as changes in the composition of noncollagen ECM molecules [23] [24] [25] [26] . During normal pregnancy, cervical collagen undergoes a progressive change in collagen cross-link density and structural organization with no decline in collagen content [24, 25] . However, current literature regarding collagen content in premature cervical ripening varies between studies and little is known of the structural organization of collagen in these models. Studies looking at the effects of mifepristone on human cervix, following first trimester abortions as well as murine cervix, showed no change in collagen content [27] . In contrast, studies in the mifepristone-treated rat report a reduction on collagen content [28, 29] . Few studies correlate changes in collagen with LPS treatment. However, one study reports a decline in collagen content in LPS-treated rabbits as assessed by picrosirius red staining [30] . Holt et al. report constant collagen levels post-LPS or mifepristone treatment in mice using the hydroxyproline assay to determine collagen content [7] .
Clarification of the specific molecular pathways that drive infection-mediated premature cervical ripening is required to identify clinically relevant targets for early detection of risk and for prevention of subsequent premature birth. With this goal in mind, the focus of this study is to understand how cervical collagen structure and organization is altered during premature cervical ripening induced by inflammation to allow changes in the biomechanical function of the cervical tissue. These investigations will compare LPS-induced ripening as a model of infection-mediated ripening to term ripening and when relevant also compare to a noninfection model of premature birth.
Materials and methods

Animals
Mice used for these studies were of C57B6/129Sv mixed strain and were maintained in a barrier facility. Mice were housed under a 12 h-light/12 h-dark cycle at 22
• C. Nulliparous mice between the ages of 2-6 months were used in this study. The day of vaginal plug was considered as day 0 of pregnancy. Studies were conducted in accordance with the standards of humane animal care described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals using protocols approved by the University of Texas Southwestern Medical Center animal care and research advisory committee.
Mifepristone treatment
Premature labor was induced on gestation d15 by administration of the progesterone receptor antagonist, mifepristone as described previously [7] . Mifepristone was solubilized in ethanol and brought up in glyceryl trioleate (Sigma, St. Louis, MO). Mice were given 0.5 mg of mifepristone (Sigma) in glyceryl trioleate (Sigma) or vehicle control (50 μl ethanol + 150 μl glyceryl trioleate) by subcutaneous injection at 21:00-22:00 hours late on the evening of gestation day 14. Mice were sacrificed and cervices collected 12 h after on gestation day 15. Administration of the progesterone receptor antagonist, mifepristone, results in premature cervical ripening and PTB 13-16 h after injection [15, 28] .
Lipopolysaccharide treatment
To ensure initiation of PTB at a similar time point in gestation as the mifepristone model, LPS was administered early on gestation day 15 (approximately 8 am) and cervices collected at midday on d15 as described previously [7] . Briefly, mice were anesthetized using isoflurane on the early morning of gestation day 15. Using sterile surgical practices, a small incision was made in the ventral abdomen to expose the uterus. Once uterus was visualized, 150 μg of LPS (O55:B5, Sigma) dissolved in 30 μl of sterile water was injected into the uterus in between two fetal sacs with care to avoid fetal membranes. The skin was closed with wound clips. After surgery, 0.1 μg/kg buprenorphine (Hospira, Lake Forest, IL) was given for pain management. Mice were sacrificed and cervices collected 6 h postsurgery. The sham group was injected with 30 μl of sterile water through the same procedure. Administration of intrauterine LPS results in preterm delivery approximately 7-8 h postinjection [7] .
RNA isolation and quantitative PCR
Total RNA was extracted using RNA Stat-60 (Tel-test B, Friendswood, TX) according to the manufacturer's protocol and treated with DNase-I (Ambion, Austin, TX) to remove genomic DNA. Complementary DNA was prepared using iScript Reverse Transcription Supermix (BioRad, Hercules, CA). Quantitative PCR (qPCR) was performed using SYBR Green and a PRISM 7900HT sequence detection system (Applied Biosystems). Gene expression was calculated according to the 2-Ct method as described (User Bulletin no. 2; Applied Biosystems). The target gene expression was normalized to the expression of the housekeeping gene, cyclophilin B (Ppib). The Grubbs statistical test was performed to determine the significant outliers that were appropriate to remove from the final analysis. Five to eight cervices were used for each time point or treatment group.
Dot blot
Collagen was extracted with 7 M urea (Sigma), 0.1 M sodium phosphate with 1% protease inhibitor (Sigma), overnight at 4
• C (n = 3 cervices per time point or treatment group). Figure S1 .
Scanning electron microscopy
Scanning electron microscope (SEM) images were obtained from gestation days 15 and 18 for comparison to LPS-treated mice on gestation day 15. Mice were perfused with 1% glutaraldehyde, 2% paraformaldehyde in 0.1 M phosphate buffer. Cervices were dissected from uterine and vaginal tissues and were fixed with 2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer overnight at 4
• C. After three rinses in 0.1 M sodium cacodylate buffer, they were postfixed with 2% osmium tetroxide in 0.1 M sodium cacodylate buffer with 0.1% ruthenium red for 2 h. Samples were rinsed with water and dehydrated with increasing concentration of ethanol, followed by increasing concentrations of Hexamethyldisilazane in ethanol. Tissue samples were air dried under the hood, mounted on SEM stubs and sputter coated with gold/palladium in a Cressington 108 auto sputter coater. Images were acquired on a Field-Emission Scanning Electron Microscope (Zeiss Sigma) at 2 kV accelerating voltage. As indicated in Supplementary Figure S2 , low magnification allowed identification of the midstroma (MS) region which was subsequently imaged at 200 000× as seen in Figure 4 (n = 3-4 animals per time point).
Transmission electron microscopy
Cervical tissue was collected, processed, and imaged as described previously [24] . This included gestation d15, d18, d15-LPS sham, d15-LPS, and d15-MFP (n = 3 animals per time point with approximately 20 images taken from each group). Briefly, mice were perfused with 1% glutaraldehyde, 2% paraformaldehyde in 0.1M phosphate buffer. Cervical and uterine tissue was removed and fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer containing 0.1% ruthenium red overnight at 4
• C. Vaginal and uterine tissue was removed from the cervix and the cervix was rinsed for 30 min with cacodylate buffer. The tissue was postfixed with 1% osmium in 0.1 M cacodylate buffer containing 0.1% ruthenium red for 90 min. Specimens were dehydrated through a graded series of ethanol (50%, 70%, 95%, 100%) followed by propylene oxide and embedded in Epon. Thin sections were stained with uranyl acetate and lead citrate. Sections were viewed on a Tecnai Spirit Biotwin transmission electron microscope (FEI Company, Hillsboro, Oregon) and images captured at 4200× or 20 500× with a Morada 11 megapixel CCD camera.
Collagen fibril measurements
Collagen fibril diameter was compared between gestation d15-sham and d15-LPS-treated groups as described previously [24] . Briefly, electron microscope images of collagen fibrils taken at 20 500× were analyzed with Image J 1.41k (http://rsb.info.nih.gov/ij/). An intensity threshold was interactively determined for optimal segmentation of fibril from background. Segmented images were converted to a binary mask, and erode, open, dilation and fill holes binary operations were used to separate merged fibrils. Particles were analyzed using the Particle Analysis function of Image J with parameters set for size, 1000-10 000 and circularity 0-1. Ellipses were fit to all particles and the minor angle of the ellipse was taken as the fibril diameter.
Interfibrillar spacing measurements
Electron microscopy images taken at 20 500× were used to assess interfibrillar spacing. The images were superimposed on an 8 × 6 grid overlay by using the Analyze>Tools>Grid function of the ImageJ program. Collagen fibrils within a single collagen fiber bundle filled each grid and the number of fibrils present within each square was counted using cell counter in ImageJ. A total of 216 squares were counted manually per time point/treatment. The frequency distribution histogram was generated for squares based on the number of fibrils present per square. In this experiment, images were taken from the cervix of three to four animals of gestation day 15, day 15 sham, and day 15 with IU-LPS treatment. The collagen fibril diameter was constant between these three groups. The day 18 cervices were not included in this experiment because the collagen fibril diameter significantly increases on day 18 compared to day 15 cervices [24] .
Second harmonic generation imaging and image analysis
Second harmonic generation (SHG) imaging and image analysis were performed as described [31] . Images were obtained from the MS and subepithelial (SE) stroma of each tissue section (see Supplementary Figure S1 ). Time points and treatment groups included gestation d15, d18, d15-LPS sham, d15-LPS, and d15-MFP (n = 3 animals per time point with approximately three to four images taken from each sample/region). Briefly, cervices were snap frozen at liquid nitrogen temperature in OCT (Tissue Tek, Indiana) and were cut into 50 μm cross-sections. Sections were mounted on glass slides under #1.5 glass coverslips (Corning, Corning, NY). Frozen sections were thawed and covered in 0.1 M PBS to maintain hydration during imaging on a Zeiss LSM510 META NLO configured with an Axiovert 200M inverted microscope and using an Achroplan 40×/0.8 W objective lens. A Chameleon XR pulsed Ti:sapphire laser (Coherent, California) tuned to 900 nm was focused onto the stroma of the cervix and the resulting SHG signal was detected at 450 nm. Forward scattered signal was detected with the transmitted light detector of the microscope after excitation light was removed by a HQ 450 sp2p filter (Chroma Technology, Vermont). Backward scattered signal was detected with a nondescanned detector placed at the illumination port of the wide-field epifluorescence light path. Backscattered excitation light was removed using a 680 nm short-pass dichroic mirror. Images were analyzed using ImageJ 1.41k (http://rsbweb.nih.gov/ij/), to quantify image intensity, fiber diameter, and porosity as described previously [31] .
Dual imaging for neutrophils and fibril collagen by immunofluorescence and second harmonic generation respectively
Eight micrometer (frozen) sections were prepared for immunofluorescence (IF) using neutrophil/monocyte 7/4 antibody (Serotec, Raleigh, NC). Using a Zeiss 510 LSM microscope, 225 × 225 μm tiled images of forward and backward SHG together with IF were taken with the 40× objective (day 15 n = 3, d15-LPS Sham n = 2, and d15-LPS n = 5). Channel settings were initially set based on the LPS-treated tissues and were kept the same for all image acquisitions. The number and size of extravascular positive regions presumably representing clusters/swarms of neutrophils was analyzed using ImageJ. A threshold intensity was chosen to create a binary mask of the IF signal above background within the area of the cervical stroma and the particle analysis function was used to obtain the number and size of positive particles under the mask using a lower size cutoff to exclude noise. These data were used to determine the area fraction of neutrophils in the field of view as well as the mean cluster size.
Statistics
Statistics were performed using Prism software version 5.0b (Graph Pad Software, La Jolla, CA). For comparison of qPCR, collagen content, fibril diameter data, porosity measurements and neutrophil cluster size, one-way ANOVA was used. Values are expressed as mean ± SEM. P value < 0.05 was considered significant.
Results
Assessment of fibrillar collagens I and III and factors involved in their processing and assembly
We evaluated expression of genes encoding collagens I and III (Col1a and Col3a), enzymes required for collagen cross-link formation, lysyl oxidase and lysyl hydroxylase 2 (Lox and Plod2), and matricellular proteins whose expression is constant (secreted protein acidic and cysteine rich, Sparc) or downregulated in the pregnant cervix (tenascin C (Tnc) and thrombospondin (Thbs) 1 and 2) (Figure 1 ). Relative to gestation day 15 controls, collagen 1 and 3 expression was not changed during LPS-mediated ripening. There was a significant increase in transcripts encoding the cross-link forming enzyme, Lox. While mRNA expression encoding the matricellular protein Sparc was not altered, expression of both Tnc, Thbs 1 and 2 was markedly increased in the LPS group as compared to day 15 untreated control cervices. We next examined possible changes in the relative abundance of the major and minor fibrillar collagens in the cervix, collagen I and III, respectively, by dot blot and IF analysis. Dot blot assessment of total protein was performed (Figure 2 ). Conventional western immunoblotting could not be used for this assay because the antibodies specific for collagen type III do not recognize denatured protein. Mature collagen with heavy cross-links has poor solubility in 7 M urea. A decline in cross-links or change in processing of collagen can alter its solubility allowing the collagen to be more readily extracted in 7 M urea. Blots showed equal amount of collagen for all treatment groups and time points, indicating that changes in collagen properties in the two PTB models does not affect the ratio of collagen I to III (Figure 2 ). Collagen III is known to influence collagen I fibrillogenesis. Tissue strength can differ with changes in the ratio of collagen I/III [32] [33] [34] .
As an additional approach to assess potential changes in the collagen I to III ratio, collagen I and collagen III IF was performed. This technique will estimate the total population of collagen in contrast to protein dot blots, which provide an estimate of collagen that is extractable in 7M urea. Representative intensity matched-IF images of collagen I are shown in panel 3A and the IF intensity ratio of collagen I to collagen III (images not shown) is depicted in Figure 3B . The collagen I/III ratio was approximately 2.0 for all treatment groups and gestation days. This suggests that there is no difference in the relative abundance or ratio of collagen I to III in the cervices from LPS-or mifepristone-treated mice as compared to the gestation-matched time point (day 15) and term ripening (gestation day 18). Interestingly, collagen I fluorescence images reveal marked differences in collagen structure between the LPS treatment group compared with both the mifepristone treatment group and with normal gestation. During normal gestation between day 15 and day 18, there is a change in the pattern of collagen I staining. Increased spacing is apparent between the regions that stain for collagen I in the normal day 18 cervices. Mifepristone-treated cervices show an even greater increase in spacing between collagen I signal than what is seen on gestation day 18. This observation is consistent with our previous SHG images of MFP-treated cervices [31] . However, the collagen staining of LPS-treated cervices remains indistinguishable from the day 15 cervices (Figure 3 ).
Extracellular matrix and collagen ultrastructure
As described above, neither a decline in collagen synthesis, change in ratio of collagen type I to III, or a change in the morphology of collagen I staining as observed in IF images provide insight into potential mechanisms by which collagen reorganization reduces the mechanical strength of the cervix in LPS-mediated cervical ripening. In the next series of studies, scanning and transmission electron microscopy were utilized to observe collagen and ECM ultrastructure in the cervix of mice treated with LPS. Scanning electron micrographs from gestation day 15, day 18, and day 15-LPS treated were compared (Figure 4 ). No clear difference in the morphology of collagen fibrils, their organization into fibers, or the overall architecture of the collagen matrix was evident. Transmission electron micrographs from gestation day 15, day 18, day 15-mifepristone treated and d15-LPS treated were compared ( Figure 5A ). As evident in the low-magnification images, the density of collagen fibrils in the LPS-treated group was similar to d15 and d15-sham surgery groups. In contrast, collagen fibrils in mifepristonetreated cervices appear markedly more dispersed with large empty spaces between fibers even more dramatic than at term ripening on d18 of normal gestation. As previously reported, collagen fibril diameter increased from gestation day 15 to day 18 in normal pregnancy [24] . As seen in Figure 5B , collagen fibril diameter measurements in LPS-treated cervices (63.4 nm) were similar to day 15 sham (61.4 nm). Collagen fibril diameters in the cervices of mifepristone-treated mice were not quantified due to the technical difficulty in measuring the markedly dispersed fibrils. A second quantifiable feature of collagen fibrils is the spacing between fibrils. The interfibrillar spacing in LPS-treated cervices was increased somewhat compared to gestation day 15 and day 15 sham cervices ( Figure 5A ). There is an overall shift to the left for the average number of fibrils per square in day 15-LPS-treated cervices compared to day 15 and sham control cervices, which suggests increased spacing between fibrils ( Figure 5C ). MFP-treated collagen fibrils were unable to be analyzed for fibril diameter and interfibrillar spacing due to the increased amount of dispersion seen in TEM micrographs.
Collagen I second harmonic generation in preterm birth models
Forward SHG microscopy of cervical frozen sections was performed to assess region-specific structural changes in collagen I fibers in PTB models and term ripening ( Figure 6 ). Our previous studies in the mouse cervix and numerous other studies demonstrate the utility of quantifying features of collagen in SHG images to assess structural changes in collagen organization [31, 35, 36] . Our previous studies quantifying cervical collagen fiber diameter and porosity in SHG images were evaluated in the cervical midstroma [31] . In the current study, images were obtained from cervical cross-sections in the MS and SE regions ( Figure 6A ). Consistent with our previous findings in the MS, the images of mifepristone-treated cervices showed an increase in the number and size of regions lacking SHG signal (pores in the collagen matrix) relative to untreated day 15 in both the MS and SE regions of the cervix ( Figure 6A ). In contrast, an increase in pore size was apparent only in the SE stromal region in the d15-LPStreated group as well as d18 term group ( Figure 6A ). To quantify this apparent difference, the area, size, spacing, and number of pores were evaluated as described [31] . The pore % fractional area and the average pore size were significantly higher in mifepristone-treated groups compared to all other groups in both the SE and MS regions ( Figure 6B ). In the d15-LPS-treated group, pore area % and pore size increased in the SE stroma relative to d15 but not the MS ( Figure 6B ). There were no differences in pore spacing and pores per unit area for either PTB model. These results identify distinct regional differences in structural reorganization of collagen fibers between term and PTB models. Specifically, pore area and size are increased in the SE stroma of both preterm models and term, while an increase in pore area and size in the MS was only observed in the mifepristone-treated mouse.
Role of neutrophils in regional collagen remodeling during lipopolysaccharide-mediated ripening
The collagen SHG data clearly identify structural changes of collagen I fiber organization in LPS-treated cervices predominantly in SE stromal regions. While SHG data in the day 18 SE stroma of gestation day 18 mice also indicate a structural reorganization, the mechanism of reorganization may be distinct due to macrophage and neutrophil-mediated secretion of collagenases in response to LPS administration. This hypothesis is supported by the marked increase in macrophages and neutrophils and expression of the neutrophillocalized collagenase, MMP8 in LPS-mediated ripening [7] . Previous studies in other tissues report the formation of cluster or swarms of activated neutrophils migrated from nearby interstitial tissue as well as from blood vessels that are able to displace or clip collagen leading to the collagen-free zones [37] . To see whether regional clipping or disorganization of collagen near tissue neutrophils might be responsible for the reorganization of SE collagen I in the LPS model of PTB, we combined SHG imaging with IF localization of neutrophils using the antibody 7/4 which recognizes both neutrophils and monocytes. As the boundaries of blood vessels were evident in the SHG images, we preferentially selected neutrophil clusters that were not in blood vessels. As seen in Figure 7A , neutrophils/neutrophil clusters indicated by red IF were notably increased in number and size in the cervical stroma of the LPS group as compared to untreated and sham controls. Additionally, these neutrophil clusters are concentrated in the SE stromal region compared to midstromal region. The IF signal in the cervical SE stroma and MS was quantified to assess cluster size and fractional area occupied by neutrophils ( Figure 7B ). Both cluster size and percent area occupied were significantly increased in the LPS-treated and sham group as compared to day 15. A modest increase in cluster size and fractional area was observed in the sham-operated group but was primarily localized to the endocervical epithelia in contrast to the SE and MS accumulation of neutrophils following LPS treatment. The SHG channel revealed that collagen I signal was largely absent from neutrophil positive areas in the cervices of LPS-treated mice as shown in Figure 7C . 
Discussion
The mechanical load-bearing properties of the cervix arise primarily from three-dimensional architecture of collagen fibers [23, 38] . Through pregnancy, a sequence of steroid hormone-regulated changes in the turnover, processing, and assembly of collagen fibrils are key determinants in orchestrating a gradual alteration in cervical mechanical function [9, 39] . For the majority of pregnancy, the cervix undergoes gradual softening-a period in which tissue competence is balanced with a gradual increase in compliance [40] . Near term, the cervix transitions to the ripening phase in which competence is lost and compliance is maximal. Studies in mice have established that induction of premature birth on gestation day 15 by LPS-mediated inflammation or mifepristone-mediated blockage of progesterone function is preceded by premature mechanical ripening of the cervix with a similar decline in tissue stiffness as reported at term [18] . The molecular pathway, by which LPS-mediated premature ripening is achieved, however, is markedly distinct from term and mifepristone-mediated preterm ripening. The most notable difference is the robust proinflammatory response, prostaglandin dependence, and the achievement of maximal tissue compliance without a parallel increase in the estrogen to progesterone ratio. We thus anticipated differences in collagen structure with LPS-mediated ripening compared with normal gestation and in the current study we sought to understand how the structural reorganization of collagen architecture is achieved in the unique setting of LPS-mediated premature ripening. Synthesis of collagen fibrils appeared normal in cervices from LPS-treated mice, as we did not find a change in the ratio of fibrillar collagen I and III or a decline in expression of genes encoding fibrillar collagens. Assessment of collagen structure by light and electron microscopy however provided insights into distinct processes by which loss of cervical compliance is achieved in the LPS PTB model. In mifepristone-treated mice, the assessment of collagen fibril ultrastructure by TEM revealed a dramatic change in collagen organization that was similar though more pronounced as compared to term ripening. This observation was consistent with the previous findings that in this mouse model of PTB immune cell influx, gene expression patterns and steroid hormone profiles were similar to term ripening or shortly postpartum [7, 16] . In contrast, collagen fibrillar ultrastructure in cervices from LPS-treated mice was similar to untreatedor sham surgery-d15 controls and collagen fibers did not appear dramatically reorganized unlike in the mifepristone treated and term ripening. Though the diameter of the fibrils was similar to gestation day 15, we did observe a subtle but significant alteration in interfibrillar spacing. The interfibrillar spacing is regulated by interfibrillar bridges which are formed and maintained by proteoglycans such as decorin [41, 42] . Previous reports have shown that these bridges and their disruption can influence the mechanical integrity of collagen fibrils [43, 44] . Our recent studies demonstrate a key role of decorin in appropriate assembly and mechanical function of collagen fibrils in the nonpregnant cervix, although the requirement for decorin is likely over-ridden by pregnancy-specific compensation by other related proteoglycans [39] . Though the SEM images did not identify any gross malformation of proteoglycan interfibrillar bridges in the LPS group, further molecular analysis of proteoglycans and proteases that may disrupt these bridges is warranted.
Subsequent assessment of collagen I fiber architecture with SHG allowed a global assessment of collagen fiber arrangements in defined regions of the cervix. The LPS-treated cervix exhibited morphological features quantifiably different from untreated and mifepristonetreated cervices. Unlike the mifepristone-treated cervix, which exhibited larger pores uniformly throughout the cervix, the LPS-treated cervix exhibited larger pores restricted to the SE stromal region. This led us to consider whether regional clipping of collagen fibers in the subepithelia may arise from an increased concentration of protease activity derived from immune cells or the cervical epithelia. Neutrophil numbers and expression of matrix metalloprotease 8 (Mmp8), a collagenase, are increased in LPS-mediated ripening but not term ripening [7] . In both sterile and infectious tissue damage, increased neutrophil chemotaxis results in formation of neutrophil Figure 6 . SHG morphological assessment of collagen fiber structure. (A) SHG images of gestation day 15, day 15 sham, day 15 LPS treated, day 15 mifepristone (MFP), treated and day 18 cervical sections. E-epithelium; SE-subepithelial stroma; S-stroma; P-pore. (B). Quantitative image analysis of pores between collagen fibers. In general, 3-4 images were taken from the SE region and MS region per cervical section for SHG. SHG images collected in the forward direction were evaluated for the number of pores, pore size, pore spacing, and pore area %. Pore area % and average pore size increased significantly for mifepristone (MFP)-treated cervices in both MS and SE stromal regions. Pore area % and average pore size increased significantly for LPS-treated cervices only in SE stromal regions. Bars represent the ratio of measurements from images of cross-sections collected throughout the longitudinal extent of the cervix and compared to gestation day 15. Error bars represent standard error of mean ( * P < 0.05). n = 3 animals for all time points.
clusters termed neutrophil swarms [37] . These swarms are reported to physically exclude or degrade collagen networks thus allowing an integrin-dependent interaction between neutrophils that may aid to isolate the wound or infectious site from surrounding unaffected tissue [37] . Compared to untreated day 15, there was modest increase in neutrophil cluster size in the sham surgery controls, consistent with this being a model of sterile inflammation. However, the size of clusters, area of occupation, and ability to exclude collagen networks in the LPS-treated group was greater compared to those observed in the cervices of the sham surgery controls. The increased density of protease-rich neutrophils in the SE stroma we suggest contributes to the preferential reorganization of collagen fibers in this region of the cervix. Because the depletion of neutrophils in LPS-treated mice does not prevent LPS-induced PTB [45, 46] , we anticipate other immune cells such as macrophages, as well as the cervical epithelial cells may also synthesize and secrete proteases, that impact ECM structure and mechanical function. The presence of proinflammatory and tissue repair macrophages in the cervix at term, postpartum, and in LPS-mediated cervical ripening has been well documented [47] [48] [49] [50] . The restricted localization of changes in collagen fiber architecture observed in our mouse model of infection-mediated premature ripening lends further support to current evidence that ECM reorganization near the endocervical canal is the initiating hub critical for mechanical function in term cervical remodeling. This is supported by the observation that one metric of structural organization of collagen-SHG, subepithelial pore area and pore size, is increased in both term and preterm models. In addition, we have previously reported that nonpregnant mice lacking the proteoglycan decorin have abnormal collagen fibrils that resolve during pregnancy starting first in the SE stroma with subsequent resolution in the MS [39] . In NP and pregnant women, assessment of three-dimensional collagen ultrastructure by optical coherence tomography in the cervix identified an increase in collagen fiber disorganization in the pregnant group that included regional variations [51, 52] . Collectively, these findings suggest the diversity of mechanisms by which the cervix can achieve increased compliance and highlight the need for further understanding of the mechanisms by which regional specific ECM reorganization is achieved in term and preterm cervical ripening. While further investigation is required to understand the physiological events that lead to the regionalized changes seen in collagen SHG signal in infection-mediated premature cervical remodeling, these findings support the potential use of the described SHG endoscope [53] or other imaging modalities [54] to identify abnormal cervical collagen structure as a risk factor for PTB.
Supplementary data
Supplementary data are available at BIOLRE online.
Supplemental Figure 1 . Cross-section of gestation day 18 mouse cervix stained with H&E. The subepithelial stromal region is illustrated with a black box and midstroma region with a blue box. In general, three to four images from each region per cervical section was imaged for SHG or IF microscopy.
Supplementary Figure 2 . Tissue sample mounted on Scanning Electron Microscope (SEM) stub. The gestation day 18 cervical sample was processed for scanning electron microscopy as described in methods. The region shown by a yellow square was defined as midstroma and selected for high-magnification imaging as presented in Figure 4 . Supplementary table 1. List of antibodies used.
